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NOMENCLATURE

width

side of a square footing

cohesion

coefficlent of consolldation

effective grain size

depth of foundation

voild ratio

vold ratio 1n natural state

skin friction on pile per unit area

half thickness of‘compressible layer
plastlicity index

applied load

liquid 1limit

coefficient of compressibility
dimensionless bearing factor (N., Ny, and Ng)
plastic limit

pressure or normal stress

vertical pressure agalnst horlzontal plane
critical load on a plle

allowable load on a pile

critical load per unlt length on a continuous footing
critical load on a square footing

ceritical load on a circular footing



applied load per unlt sarea

allowable s0ll pressure

critical unit load by & contilnuous footing
critical unit load on a square footing
critical unit load on a circular footing
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shearlng resistance

time factor

time

uniformity coefficient

per cent consolidation

water content

depth

8011 unit weight in place

submerged unit weight

" dry unit weight

total settlement

angle of internal friction
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CHAPTER I
INTRODUCTION

To term Soll Mechanics, iIn 1its present status, a
science 1s to twist the truth to a breaking point. Soll
Mechanics 1s still in its adolescence and, as long as soll
continues to retaln its nonisotropic and nocnhomogeneous
characteristics, is likely never to obtain the full growth.
of his distant relatives, Physics and Chemistry. Soil
Mechanlics has, however, traveled a long road since 1its
infancy and has marked that road with many guldeposts to aid
the designing engineer. Tt 1s now possible for the designing
engineer, on the basis of soll tests and applicable theory,
to make an approximate forecast of a foundationfts load-
carrylng and settlement characteristics.

The primary purpose of thils thesis is to present sa

sound design procedure for foundations to be supported by

sound procedure may ald other engineers in setting up design
-procedures for other 1océ11ties.

Secondarlly, test results from both the laboratory
and the fleld are 1ncluded in order to present to the solls!

theoretlecian experimental data to check existing and future



_theory. To enable the theoretician to apply the test
results properly, a complete classification of the silty-
sand's properties 1s contalned in Chapter IV.

Despite the fact that many fleld tests are made daily
In this nation, the results of only a few are made avallable
to the soils' englineer by means of technical papers;
unfortunately, the great majorlity of these lack the com-
pleteness necessary for correct correlation. It 1s realized
that thls thesis errs in this rega?d in at least one
Instance. This instance 1s the fallure to load all test
plles to the ultimate. It 1s bellieved, however, that this
srror, though important, is not critical.

The final purpose of this report is to point out and
discuss the apparent discrepancies in theory and test
results so that an unsuspecting engineer wlll not place too
great a rellance upon the blind use of any formula.

The lmportance of each locality setting up its own
design codes cannot be overemphasized. The semlempirical
rules offered in design manuals and texts for the determi-
natlion of safe bearing capacities énd settlement estimates
are based on tests on similar type soils from random
locations. 8Since there 1s a great varlance within a single
soll type, the resulting formulas are apt to be ultra-

conservative for any individual community.



It 1s becoming increasingly important to estimate
settlement closely in the design of foundations for wind
tunnels. A differential settlement, which could be tolerated
in an ordinary bullding, could cause millions of dollars
damage to a wind tunnel. It 1s estimated that a bullding
can withstand a differential settlement of 3/ of an inch
between adjacent columns without damege; it 1s not incon-
celvable that such a settlement iIn critical portions of a
wind tunnel could render all the test data worthless or
cause great magnification of the forces on the drive shaft
resulting in costly repair.

The increasing pace of aeronautical science yearly
causes many tunnels to become obsolete. These tunnels are
often returned to usefulness by repowering and other
alteratlions. These changes usually result in a great
additional welght being placed on existing footings. Since
underpinning is a very costly item, 1t is prudent to make a
detalled analysis in order to check the foundation's
adequacy for the increased load. For these reasons, a
knowledge of soil maechanics 1s especially pertinent for £he
deslgner of foundations for research facilities.

The chapters are organized in a manner such that the
reader is presented all the test and theoretical data prior
to the dlscussion and recommendations. It 1s belleved that

this arrangement gives a better over-all picture to the '



reader than to discuss the subject and cite test data to
substantiate the recommendations. The chapters are arranged
as follows: Chapters II and III furnish background by '
summarizing the history and citing procedure and sources of
data. Chapter IV classifies the silty sand by standard
classification tests. Chapters V and VI predict the load-
carrying and settlement characteristics of the silty sand

on the basis of laboratory tri-axial shear and consolldation
tests. Chapters VII and VIII present the load-carrying and
settlement characteristics of the s1lty sand based on actual
fleld tests. Chapters IX, X, and XI discuss tbe discrep;
ancies between labératory predlctions, fleld tests, and
purely empirical methods. Chapter XII contains the summary,

conclusion, and recommendations.,



CHAPTER II
HISTORY

It 1s estimated that the first studies in what is
now called "Soll Mechanics" originated in France about the
sixteenth century. These studies were of earth pressure as
appllied to fortifications. An outgrowth of the studles was
Coulomb's "Theory of Earth Pressure" published in 1773; 1t
is believed to be the first paper published regarding the
characteristics of soil. The next notable contributlon was
made by the British scientist Rankine in 1856 when he
published a paper developing a theory of equilibrium of
earth masses. These two theoriles are jointly termed the
"classical theories of soll mechanics."

Prlor to the twentleth century, there was not much
advance 1n the sclence of solls, the reason belng that the
large bulldings of that era were framed by massive walls
which could withstand large settlements without damage. If
the ground was obviously "soft," the walls were supported
by plles. Desplte the above, many buildings either
collapsed or were badly disfigured.

Two reasons brought the need 6} a knowledge of soll
mechanlcs to the foreground. The first reason was the need
for economical, large buildings to house the great increase

ln Industrlal capacity; these bulldings had light exterlor



walls which were susceptible to differentlal settlement.
The second reason, principally in Europe, was that the
scarcity of land area was forclng bullding in locatlions
which had previously been avolded because of poor soll
conditions.

Within a short perlod after the turn of the century,
scientists made great strides in this fertile field.

Dr. Karl Terzaghl was the foremost investigator; in 1925,

he authored the first book on the subject of soll mechanics.
It seemed logical at that time-that a new field of exact
structural analysis was just "around the corner." However,
as theory and test results continued to show discrepancies,
it becams obvious that only approximate forecasts could be
made due to the nonhomogenity of the soil.

The trend now seems to be away from precise mathe-
matical theory and intricate testing and toward making more
accurate assumptlons. Better results are now obtalned with
simplified formulas once the mode of fallure is visualized
than with rigorous theory. The solls!' engineer bases his .
visualization on study of past fallures and on a study of
the characteristics of various type solls.

Research work in soils is still gaining momentum in
the raée to narrow the gap between theory and reality.

Among the leaders in various research and educational
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institutions specializing to a great extent 1n soils in this
country are the following:

U. S. Corps of Englneers

Public Roads Adminlstration

State Highway Depts. of Michlgan,

Callfornia, and Virglnia

American Soclety of Civil Englneers

Harvard Unlversity

Massachusetts Institute of Technology

The leading countries in the study of soll mechanics,
in addition to the United States, are Great Britaln, Russia,
and Sweden.

Although there 1s no perlodical devoted solely to
soll mechanics, many periodicals accept papers on the
subject. The leading source of information is the Separates
printed by the Soil Mechanics and Foundation Divislon of the

American Soclety of Civil Engilneers.



CHAPTER III
METHOD OF PROCEDURE AND SOURCES OF DATA

There sre three malin types of data used in this

thesls. They are as follows:

(1) Laboratory test data

(2) Fleld test data

(3) Theoretical formulas

Since NACA has no solls laboratory, private firms,

other government agencles, and varlous universitles have
been contracted to do the laboratory test work. On most
large NACA construction projects, some type of solls
investigation 1s required. These investigations always
require borings and laboratory tests; in some Instances,
recommenﬁations for design procedure are requested. The
author 1s responsible for specifylng the magnitude of the
investigation required, what type tests are to be made,
and, finally, for checking and approving the work of the
contrac;or. In this capacity, ﬁhe following consultants
have performed laeboratory investigatlons:

Wm. S. Housel of Unlversity of Michigan

Edward S. Barber of Unlversity of Maryland

ﬂaterways Experiment Station - U. S. Corps Engr.

Haller Testlng Laboratbries, Inc.

Raymond Concrete Plle Company

8



. 9

In his capaclty of soils'speclalist, the author
writes the specifications for all plle foundations and other
earthwork. On all large projects, test plles are specified.
During the plle load testing, the author supervises the test
and records pertinent data. At the conclusion of the test,
the author recommends the length of pile to be driven. Test
pile data obtained in this manner are included in the thesis.

Theoretlical formulas and methods of analysis are
obtained from texts aqd sclentific papers. All texts noted
in the peéférences were used for this purpose but, by far,
the most useful source of data was SOIL MECHANICS IN

ENGINEERING PRACTICE by Terzaghl and Peck.

Brlefly, the method of procedure followed in the
thesis 1s as follows. The first step is the sifting and
investigation of the laboratory tests to determine the
principfl charascteristics of the soil. The second step
involves the application of these characteristics by means
of recognlged theory to foundstion design. The next step
1s to determine the soll's charsascteristics by investligating
the results of actual fileld tests and to apply these charac-
teristies to foundation design. The final step 1s to
investigate and discuss their compatibility, or lack thereof,

and to recommend a method for future foundation design.



CHAPTER IV
DETERMINATION OF SOIL CLASSIFICATION

In order for the test results and settlement data
contained elsewhere in this thesis to be properly correlated
with soils! thebry, it 1s essential that the tested soil be
properly identifled. For this reason, complete data con-
cernling boring records, gradation curves, liquid limit,
plasticity index, and nstural deﬁsity are presented.

The subsoll at Langley Fleld, after penetrating the
first 5 to 15 fest, 1ls a fine silty sand with shell fragments
extending to an undetermined depth; NACA has taken borings
exceeding 100 feet without finding a change in this stratum.

In 19%9, the Layne Atlentic Company, in search of
artisian water to cool the generators in -the NACA Generating
Plant, unsuccessfully drilled two holes 500 and 700 feet
deép. "According to NACA's chief constructlon inspector, the
auger was still\bringing up the grey sllty sand. This silty-
sand stratum extends all over the lower Virginia peninsula
accordling to the representative of the Raymond Concrete Pile
Company in charge of the boring crews.

NACA has had approximately 50 well scattered borings
made on the base; the boring log shown on the next page,
Figure h-l, 1s presented as representative. The standard

sampling procedure of a weight of 140 pounds falling

10
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BORING MBDE By RAYMOND
CONCRETE PILE COMPANY
BORE HOLE N2 /

TUNNEL SITE

WATER LEVEL (H.L.) TAKEN
24 HOURS AFTER COMPLETION
WITH CRSING REMOKED.
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FIGURE 4-1

BORING LOG
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BLOWS FREQUIRED 70 DORIVE
SAMPLING FIPE ©NE [FoOOT;
USING 14Q-LB WEIGHT AND
A B0-INCH FALL

f END OF BORE HOLE
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30 inches on a 2-inch outside dismeter spoon was followed;
the number of blows required to drive the spoon 1 foot 1s
designated the "Gow" penetration value. Except for minor
variations in the "Gow" penetration value, all borings
reveal practically the same subsoll condition once the top
layers are penetrated. These upper strata show wide
variance at different locations; however, they are ususally
less dense and highly compressible, Since the "Gow" pene-
tration value 1s a messure of the soll's density, it should
be noted that there 1is no evidence of increasing"density of
the silty-sand as depth increases. Sands are classified into
relative denslty groups on the basls of this penetration
test; NACA's s0il, falling into the 10 to 30 blow group, 1ls
classed as "medium" sand by this test. (See page 29l,
reference 13.)

A study of the grailn size makeup of the silty sand.
from the gradation charts is very revealing as it 1indicates
the extent of homogenity of the silty sand over a wide area.
To 1ndicate the truth of the above statement, two graphs
have been prepared. Figure h-z\is a plot of representative
samples from filve widely seattered projects on the base.
Figure L-3 compares thls scatter with the scatter obtalned
from the samples from oﬁe projett.

The gradation curves shown on Flgure L~2 all show the

same characteristics, that 1s, the complete absence of large
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slze grains, the sharp decline of the curve between slieves
No. 70 and No. 100, and the linearity in the silt and clay
region. In the matter of the large slze grains, an inspec-
tion of the sleves, after running a gradation, reveals that
practiceaelly all the soil sample falling to pass the No. 70
and larger sieves are shell fragments. The sharp decline
signifies that the soll i1s not well graded; as a matter of
fact, approxigately 60 per cent of the soil falls within the
narroﬁ confines of 0.1 to 0.2 mm in grain diameter. The
leveling-off of the curve in the s1lt and clay reglon means
that these small gralns are well graded for maximum density
80 that their varylng slzes might enable them to fill the
volds between the sand grains. Figure -3 is self-
explanatory.

Probably the most importesnt information to be gleaned
from gradation curves 1s the soil's classification. The
méthod of classifying soils 1s yet far from standardized;
there are, perhaps, a dozen different methods now in use.
One of the most popular, Figure L-l, is the triangular
diagram developed by the Public Roads Administration. The
soll to be classified is approximately 80 per cent sand;
thus, by the PRA chart, the soll could be termed elther
"sand" or "sandy-loam."

A very simple and senslble method 1s now gaining in

use and 1s preferable. It consists merely in giving the
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§oil the neme of 1ts major constituent and modifylng it with
the adjectlive of 1ts next constltuent. The soll would,
thus, be classified as "silty sand."

In classifying a soill, 1t 1s also useful to note 1its
"effective size" (Djp) and its "uniformity coefficlent" (U).
These terms are a rough mesassure of the soil's permeability
and grain size. Dyy 1s the grain diameter on the gradation
curve comparing to 10 per cent finer. 1In this case,

Dijg ®# 0.05 mm. Since U 1s equal to Dgg + Dlo,.U = 3.0,

Tests particularly useful for classifying clayey or
sllty solls are the liquid 1limit (Ly), the plastic 1limit ‘
(Pyw), and the plasticity index (Iy). The Corps of Engineers,
Waterways Experiment Station, Vicksburg, Misslssippl
(reference 1) ran the above tests on the 8ilty sand; they
reported the approximate values of Ly = %35 and Ig = 6 as
evidence of "low plasticity." The Haller Testing Laboratories
(reference 1), after running similar tests, simply reported
the si1lty sand as "nonplastic."

Other characteristics of the silty sand which have

been determined by tests are tabulated below:

Natural water content = w = 23 to %3 per cent
Dry weight in place = yq4 = 85 to 95 p.c.f.
Natural void ratio = e = 75 to 100 per cent
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To sum up, the soill under investigation is classified
as a saturated silty sand (approximately 80 per cent sand)
of negligible plasticity which extends to an undetermined

depth without an appreciable change in density.



CHAPTER V
BEARING CAPACITY BASED ON LABORATORY TESTS

It is important to touch briefly upon the many
difficulties hampering the solls engineer from maklng an
exact solution of ultimate bearing capacity even with the
use of laboratory tests to determine the soll's
characterisfics.

The problem of computing the ultimate bearing
capacity of contlnuous footings has perhaps been more fully
investigated theoretically than any other footing problem.
The reason is twofold: (1) its importance since 1t is
encountered frequently and (2) a transverse section can be
taken which resolves the analysis into a plane strain
problem., To s0lve this plane strain problem, all that one
-needs to assume is: |

(1) Angle of internal friction = constant ¥ [}

(2) Shearing resistance of the soll = s

(3) Cohesion value of the solil = é;nstant = e

(l4) Smooth base of the footing

(5) Unit weight of soll = y

Approximate values of vy, ¢, and ¢ can be
obtained from laboratory tri-axial shear tests. Tpe

value 8 can be found by the equation

s=c¢ +ptanfd (5.1)

19
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where p 1s the normel pressure. The difficulty which
arises 1s that the bases of footings are, without exceptlon,
rough rather than smooth. Thus, approximations have to be
made in order to obtain a solutlon, An approximate solution
has been obtained by Terzaghl by assuming that wedge I,
Figure 5-1, acts with the footing. He then divlides the
subgrade into Rankine zones which can be solved independently
for equilibriuﬁ. Zone I is the active Rankline zone, zones II
are termed the zones of radial shear, and zones III the
passlve Rankline zones. The solution for a general shear

fallure is

_ 1
Qg = B@Nc + YDeNg + 5 YBNT> (5.2)

where

S|
B

ultimate load per foot on footing

i

width of footing
Ne, Ng, and N, = dimensionless factors, functions of £
Dy = depth of foundation below grade level

Values of N,, Ng,» and NY are gliven in Flgure 5-2
for various values of @. There 1is, however, an implicit
assumption made in this analysis; the assumption is that the:
footing remains horizontal. It 1s unfortunate, indeed, that

all footings fall by tilting due to some nonhomogenity of
the soll. Thus, the footing will fall at some load less
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than Qg. But since there 1s no way to estimate the "tilt"
factor, the above equation is probably the best availlable
for estimating purposes.

Professor Willlem S. Housel of the Unlversity of
Michlgan, feellng no doubt that the exsctness has already
been lost, presents a simpler mathematical solution
(reference 6) by making the following simplifying
assumptlions:

(1) L45° triangular zones of sliding

(2) For sllty sand classifled in chapter IV,

8 = a constant = c@= (ﬂ

{

Flgure 5-3 1llustrates his method; free bodies are taken of
each triangle; by placing the sum of the vertical and hori-
zontal forces equal to zero for each triangle, four equations
are found which are sufficient to solve the four unknowns

Py, Py, P3, and Qg. The solutlion obtained ls

Qd = 6BC + BYDf (5.5)

Not even approximate theoretical formulas have yet
been developed for square or circular footlngs. The Eest
avallable formulss are semlempirical based on actual test
data; they are:

(1) For circular footings of radius r

- 2
Qgp = T (1.3ch * yDeNg + 0-6YI‘NY) | (5.4)
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FIGURE 5-3%

HOUSEL'S METHOD OF SOLVING FOR CRITICAL LOAD ON CONTINUOUS FOOTING
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(2) For square footings of side b
_ .2
Qap = b~ (1.3cN, + yDeNg + O'h“fb“v) (5.5)

The values of Noe, Ng, and N, are glven in
Figure 5-2.

Equations (5.2), (5.3), and (5.4) will now be applied
to some sample problems ln‘order to check thelr agreement
and to obtaln some idea as to the bearing value of the silty
sand.

It is first necessary to estimate g and ¢ from
tri-axial shear tests. Figures 5-4 through 5-6 are included
to present results of all tri-axial shear tests which have
been run on the silty sand, Figure 5-7 is a composite plot
of the average results from four projects. For substitution
in the equations previously obtained, the average values of
¢ = 0.3% ton per squeare foot and £ = 24° will be used since
comparison wili be made with actual fileld tests.

The calculated ultimate load per foot on a 3'-0" wide
footing located 3'-0" below grade by equations (5.2)
and (5.3) is:

320 tons per foo#f

(1) By equation (5.2) Q4

Q4
(2) By equation (5.3) Q4

93

10 tons per square foot

&% tons per foot

2 tons per square foot
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The great varlance obtained 1n ultimate loads for a
footing by use of different equations 1s evidence that a
formuls alone will not solve the soils engineer's problems.
The formula 1s only one toocl which the solls engineer uses
with his other tools of common sense and experience in
declding upon an allowsble bearing value.

Later in thils thesis, test results on a 1l-foot plate
and on'a 2-foot squere plate will be presented; for
comparison purposes, theoretical falilure loads by
equation (5.5) have been calculated. The results are

(1) 1-foot square plate (no surcharge)

Qgp = 11 tons
(2) 2-foot square plate (no surcharge)
' Qap = Ll tons

Piles carry their ultimate load Q by a combination
of point resistance (Qp) and skin friction (Qr), In séme
cases, one or the other 1s negligible and the piles are
termed either "point-hearing" or "friction" piles. Thus,

the following equation 1s easlly derived:

Q=Qy *Qr

]

Q Qp + 2mrDpf o (5.6)

+Qp can be calculated by equation (5.4) but since
there is no theoretical analysis yet developed to obtain fy
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from laboratory tests, Q@ cannot be calculated. Load tests
are the only way that Q can be obtained accurately.
However, for design purposes when load tests are not
avallable, the recommended procedure is to estimate fg
from tri-axlal shear test results or from empirical values
for soll types as tabulated 1n standard soll texts.

Figure 5-8 1s a plot of estimated ultimate pile capacities

for various lengths based on the following assumptions:
(1) r |
(2) f, = c = 666 pounds per square foot
(3) g =24°

(L) Qp obtalned from equation (5.4)

= 6 inches

(5) «¥' = submerged unit welght = 35 p.c.f.
An inspection of Figure 5-8 reveals that plles driven
in the silty sand are primarily "friction" piles. For a
j0o-foot pile, the division is approximately 75 per cent
friction and 25 per cent point resistance.
Using the results from equations (5.2) and (5.6) with
a recommended safety factor of 2-1/2 (1t is felt that the
assumption that ¢ = 0 in equation (5.3) is ultra-
conservative), the following approximate allowable bearing
values are obtalned:
(1) For spread footings
dg = 4 tons per square foot

(2) For a Lj0-foot pille
Qg = 23 tons
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THEORETICAL ULTIMATE PILE LOAD FOR VARIOUS LENGTH PILES

60



CHAPTER VI

ESTIMATED SETTLEMENT BY LABORATORY
CONSOLIDATION TESTS

It 1s acknowledged that an exact prediction of
expected settlement cannot be made except in exceptional -
cases. In most cases, the subsoll 1s not uniform and, salso,
there is always some disturbance of the soill in taking an
"undisturbed" sample for laboratory testing. It 1is, however,
necessary that the designer be gble to estimate spproximately
the expected settlement so that he will be in a positibn to
recognize what factors are negligible and which are liable
to cause trouble, necessitating close inspection during the
construction period.

The theoretlcal solutlon 1s made up of the following
components: (1) the dgtermination oft the vertical pressure
at various depths under the load by means of Boussinesqg's
stress equations, (2) the laboratory consolidation tests on
representative samples, and (3) the determination of the
settlement from use of the actual vertical pressure in
conjunction with the 1a50ratory test results.

To outline the procedure fully, the plle cap shown
on Figure 6-1 will be investigated for its estimated

settlement.

33
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LOAD = 425 ToNsS
PILE CchAP SIZE= 19 'x13" x2'

EL.7’ l

;—;7 ~FT. PILES

ILE LOARL ARPRPLICATION

RESLMELD PLLANE QOF
(p
&L ~-15°

3400

_ RIRIFRPRREN
EL-25 Lo ~C> {92-6 o

VERTICAL SO(L PRESSURE AT DEPTHS (NDICATED
AT FOUNDATION  IN POUNDS PER SQ. FT:

eu3s <

750

EL.—45 200
EL.~55 so
FIGURE 6-1

VERTICAL PRESSURES UNDER A LOADED PILE FOUNDATION



- 35

The first step 1s to assume a plane of the pille load
application. It 1s usually assumed to be two-thirds the
length of the pile from the top but this 1s only a rough
approximation since the location of sald plane depends also
on the characteristics of the soll and the magnitude of the
load.

For the caese under investigation, the plane of pile
load application is assumed to be at el. -15'. The vertical
pressure (py,) at this elevation is thus:

_ 850 kips

pv"l9' x13' =3.L‘-O k.S.f.

Boussinesq developed the following equation for the
determination of vertical pressurg at any point, either

directly below or laterally displaced beneath the load:

_ 3L 1 T]5/2

(6.1)

where

z = vertical distance from load application
r = horlzontal distance from c.g. of load

L = load

Equation (6.1) is easily solved by use of an
influence chart developed by N. M. Newmark. His chart is
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shown on Figure 6-2 for an influence value of 0.005. The
chart is used In the followling manner: the plan of the
loaded area 1s drawn to a scale such that 2z 1s equsal to
the length of line AR, the plan 1s then located such that
the point r 1s at the center of the chart, the number of
blocks or "influence areas" enclosed by the plan are then
counted, and p, 1s equal to the product of 0.005, the
number of Influence sereas, and the p, at 2z = 0O,

For 2z = 10 and r = 0, the number of blocks enclosed

by the plle cap 19' x 13' 1s 113 so that
py = 113 x 0.005 x 3.40 = 1.92 k.s.f,

The vertical pressures thus computed sre tabulated on
Figure 6-1.

The next step 1s to determine the coefficient of
volume compressibility (my). This 1s accomplished by use
of the laboratory pressure-vold ratic curve (Fig.yé-ﬁ),

the calculated vertical pressures, and the following

"

equation:
e, -~ o
- 0
T Bp (1 + eg) (6.2)
e, = vold ratlo at original pressure
e = vold ratio at loaded pressure

Apy = loaded pressure - original pressure
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For exsmple, my; will be calculated for a depth of
20 feet below grade. In Figure 6-L (a), the overburden and
effective pressures are plotted agalnst depth below grade.
This graph indlcates an overburden pressure of 1.0 k.s.f. and
a total pressure of L.5 k.s.f. at 20 feet below grade.

The void ratios for the above pressures are taken
from Figure 6-3. The following results are thus obtained
for 20‘feet below grade:

pPo = 1.00 k.s.f. e, = 0.945
p = L4.50 k.s.f. e = 0.895
Therefore, |
. 0.050

my =

= 55 % 1.955 = 0.007% s.f./kips

The plot of m, against depth below grade 1is
obtained in this manner and is shown on Figure 6-4 (b).
The total theoretical settlement is given by the

following formule:

Z
6T =L/:) mvpv dz (6.3)

This equation is most easily solved by graphical
integration illustrated on Filgure 6-l (¢c). The product
of my, and py 1s plotted versus depth and inclosed area
is equal to the settlement; 1t should be noted that this

is true dimensionally. For the 1llustrated case:
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L1

Bp = 0.350' = L2

Thus, for the case investigated, the estimated
settlement would be approximately -1/} inches.

The only difference in computing the estimated
settlement for a spread footing i1s that the plasne of the
applied load is at the bottom of the footing. A sample
solution for a spread footing 1s shown on Figures 6-5
and 6-6. A compressor foundation was chosen for illus-
trative purposes; theoretical calculatlions predlct =a
settlement of approximately 1 inch.

The time rate of conscllidation 1s especially important
to the engineer since settlement during construction is
usually not damageable. The designer 1is mainly concerned
with the amount of settlement after the building lines have
been finally set, the walls plastered, etc.

Neglecting secondary consolidation, consolldation

theoretically proceeds according to the following formula:

2

t“:: Tv 6—; (6.)4.)

where

cr
]

time

3
<
1

time factor for percentage of consolidation in time ¢

=]
it

one-half thickness of the consolidating layer

coefficient of consolidsation
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T, 18 & function of the per cent of econsolidation
(U%). Figure 6-7, from reference 11, is a graph showing
how Ty varles with respect to U%. It is usually assumed
in the case of an infinite, or very large, compressible
stratum that H 1s equal to the wldth of the foundatlon
since the consolidating pressure bscomes negligible at a
depth approximately equal to twice the width. The coeffl-
clent of consclidation can be determined only by laboratory
test since it 1s a function of permeability; for fhe grey
silty-sand stratum, Mr. Edward S. Barber (reference 1) found
an approximate value of ¢, = 2 square feet per day.
The procedure for obtalning a theoretical graph of

settlement versus time has thus been established. The
total settlement is calculated from equation (6.3) and 1is
made equal to 100 per cent consolidation. The time for
other percentages of settlement to take place are then
computed by equation (6.L) with the ald of Figure 6-7.

~ Graphs of time-settlement relations for both the

i1llustrative problems are presented in Figures 6-8 and 6-9.
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CHAPTER VII
BEARING CAPACITY AS REVEALED BY FIELD TESTS

Fleld load tests are more important for pile
foundations than for spread footings. The reason for thils
is that there are no theoretical tools avallable which allow
the engineef to solve for the value of skin friction on the.
plle while he 1s able to approximate by theory the ultimate
load for a spread footing. Load tests -are essentlel on a
large project since it 1s‘the only method by which the
foundatlon's safety factor can be determined.

The skin friction can be determined either of two-
ways by load tests. The first method is to test to fallure
by the standard vertical load test. If the fallure 1is
gradual, the failure load should be considered that which
causes & 2-inch settlement. The test 1s made by jacking the
load on the pile; the jack must be calibrated and react
against either a loaded box or a steel beam anchored to
other piles. In this way, the ultimate load (Q) can be
determined. 7From ghapter vV, 1t,1is known that this ultimate
load is equal to the sum of the point bearing load (Qp) and
friction load (Qe). Ultimate skin friction per square foot

1s determined as follows:

Q=qp +Qr

L8
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Q = Qp * 2mrDefg

or solving for fg:

_Q -

fs = 2nrDe (7.1)

Q, can be approximated by equation (5.4) and the

value of fg determined.
The second method 1s by a tension or "pulling" test
® to failure. In this test, there is no end beariné and,
thus, Q¢ 1s equal to the ultimate load. Ultimate skin

frictlon per square foot is determined as follows:

Qe
fS = ETTI'Df ( 7 2 )

This equation 1s, of course, identical with
equation (7.1) since Q - Q = Qp-.

Figures 7-1 through 7-17 present the results of all
plle tests made by NACA; also included are photographs and

sketches of plle test setups. On the pile-test graphs, the
followling information is furnished:

(1) Settlement load curve

(2) Boring log wlth Gow penetration value and pile
length and cut-off indlcated
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FIGURE 7-8

PILE TEST SETUP--FLIGHT RESEARCH HANGAR L~ 01917
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FIGURE T7-9

L-62106
VERTICAL TEST IOAD ARRANGEMENT--TEST PILES NOS. h, 5, AND 6u
FLIGHT RESEARCH HANCAR
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(%) Type of pille
(L) Contractor installing plles
(5) Method of loading
(6) Date tested
(7) Capacity by the Englneering News Record Formula
when driving information 1s avallable
To compute fg, 1t 1s necessary that the plle test be
carrled to failure; ;t 1s regretted that all piles were not
so tested. However, elther because of testing to fallure or
becsause of a high capacity test, much information can be
obtalined from the following pile tests:
(1) Test Pile No. 2 - Alrcraft Loads Bullding
(Fig. 7-2)
(2) Test Pile No. 3 - Flight Research Hangar
(Fig. 7-6)
(3) Test Pile - Water Tower Foundation (Fig. 7-16)
(L) Test Pile No. 2 - 8-Foot Office Building
Addition (Fig. 7-17)

The followlng results are obtained for the above:

-y

Pile Q Qp Qr 2nrDy fg
TP No. 1, ALB| 60 tons|lli tons|l6 tons| 95 s.f.|0.48 t.s.f.
TP No. 3, FRH| 85 12 73 L 1.66
TP, Water
Tower 107 1 93 126 .73
TP No. 2 '
8-Ft OB 75 18 57 iy A0
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Thus, a maximum value of fg = 3320 p.s.f., a minimum
value of f, = 800 p.s.f. and an average value of 1640 p.s.f.
has been determined.

A plot of ultimate pile capacities for various
lengths based on the average test-determined value of skin
friction 1s presented as Figure 7-18.

An inspectlion of Figure 7-18 reveals that the pilles
are primsrily the "friction" type. For a L0-foot pile, the
division 1s approximately 87 per cent friction and 13 per
cent end bearing.

Two plate tests were made in 1947 st the 1l6~foot
tunnel site to determine an allowable soil pressure for the
foo%ings of an auxiliary electrical building. The results
of these tests are presented in Figure 7-19.

Fleld plate tests do not glve results as reliable as
those obtained from a pile test. This 1s primarily because
a plate does not approach a footing in size and a full-scale
test 1s seldom run because of expense Involved. Bedides the
slze factor 1tself, 1t 1s possible that the tests, being
made on such small areas, are not run on & true repre-
sentative soll conditlon.

There 1s, however, an important plece of information
to be noted from the tests. Both the mode of failure and
the characteristics of the load-settlement curve rev;al that

the soil falls by "general" shear rather than "local" shear.
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This 1s importént since to make a theoretical analysls it is
necessary to assume a mode of fallure. The analysis made 1n
chapter V was based on a "general" shear fallure.

Using the results of the load tests, average f_. for

s
plles and minimum yleld point for spread footings, and
applylng a safety factor of 2-1/2, the following allowable
bearing values are obtained:
(1) For spread footlings
4y = 2 tons per square foot

(2) For a [j0-foot plle
Qg = 45 tons



CHAPTER VIII
ACTUAL SETTILEMENT BY FIELD RECORD

Perlodic settlement readings are taken of NACA
facilitles for two reasons. The primary reason is to
anticipate trouble so that corrective steps can be taken
prior to damage. Secondarily, these readings will enable
the designe; to reduce hils safety factor for unknowns and
therseby reduce the cost of foundatlons,

Settlement can be divided into three components;
they are:

(1) -Elastic settlement which is proportional to the

load by Hooke's law |

(2) Primary consolidation, which is the reduction

of voilds due to the squeezing out of the water
from the increased load

(3) Secondary consolidation which is the gradual

adjustment of the soll grains due to the
reduction 1in volids

Extreme cautlon was exercised 1n the placing of the
bench marks on the foundatlon and, wherever possible,
elevations were established prior to all loading. In both
cases to be presented, the settlement readings represent

the total of the three components.

T2
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Approximate formulas and theory are avallable to
evaluate the first two components but no progress has been
made theoretically with regard to secondary consolidation.

Secondary consolidation's characteristics can be
investigated only by observation and settlement readings
over a perilod of time. One importan§ fact has been
uncovered; it is that secondary consolidstion settlement
varies with the log of time. This fact 1s of great value
since it becomes evident that, after settlement readings are
kept over s period of time, future settlement can be
estimated.

Figure 8-1 is the settlement field record of the pile
foundatlon investigated theoreticslly in chapter VI. It
Indicates that settlement 1s progressing linearly with the
log of time, that is, secondary consolidation. Settlement
to date 1is approximately 1/2 inch; extrapolation of the
graph to estimate future settlement is given on Figure 8-2.
Settlement to-date 1is roughlyfone~half the expected 25-year
settlement. It should be noted that the elastic and primary
consolidation settlements are negligible. T

The settlement fleld record of the Freon compressor
foundation, also investigated.in chapﬁer VI, is presented as
Figure 8-3., The curve shows similar characteristics to the
previously presented plle foundation's graph. The one

exception 1s the varlation from the straight line settlement
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versus log time relationship at approximately 700 days.
This may be explained by vibratory effects since the com-
pressor was in constant use during that period. A tendency
to return to the prilor slope has been noted recently while
the compressor was lnoperative but it is too soon to draw
any conclusions.

To sum up, fleld settlement readings to date have
indicated that primary consolidation is unimportant while
secondary consolidation has to be carefully watched and

provided for in the design.



CHAPTER IX

'CORRELATION OF THEORY AND TEST
RESULTS~--BEARING CAPACITY

It might be provident at this point to review briefly
" the salient points which have been established previously in
this thesis with regard to load-carrying characterlistics.

It has been emphaslzed that only certain problems have been
solved theoretically and that these require judiclious use of
laboratory results in order to obtain even an approximately
accurate answer. Other problems, beyond the realm of
present theory, can be handled only by an "educated" guess;
laboratory tests, however, may serve as a basis for the
guess., Fleld tests are regarded as the acld test from which
there 1s no repeal; thus, no theory is rigorously correct -
but serves as an estimating basls only.

The design of spread footings are'in the first
category, that for which there 1s theory available which
should give a reasonably accurate forecast of its bearing
capaclity. PFriction pile foundations are in the second
category for which no theoretical solution has been
developed and, thus, a deslgn basis can be obtalned only

by "educated" guessing.
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There are currently three methods in general use for
estimating the carrying capacity of a friction plle.

The most used and mlsused are varlous plle driving
formulas. This method is a holdover from the pre-soll
mechanics age and continues in favor by inertis and ease of
use; an investligatlion of this method 1s contalned in
chapter X.

Despite the lack of the development of a theoretical
analysis for friction pilles, some important progress has
been made. Recently, load tests have been made on plles to
determine the distribution of skin friction over the depth
of a pile. These tests, by means of strain gages piaced at
varying depths reveal that the skin friction 1s practically
uniform (reference 3).

The value of the ultimate skin frictlon which the
soll surrounding the pile can withstand 1s the only obstacle
in way of a complete theoretical analysis; there 1is, however,
no way to evaluate skin friction by laboratory test. Hence,
the other two methods of estimating the pile's capacity both
guess a value of ultimate skin friction. The most reliable
method 1s to assume the value of skin friction equal to
goll's cohesion value determined by the tri-axial shear
test, This method was used in chapter X and 1is conservative
since it makes no allowance for the‘increaSGd bearing

capacity due to the granular frictional properties of the
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soil. The second method is to plck a'Skin friction value
for the so0il's classification from tables contained in texts
of s0il mechanics. This method, while greatly preferable to
the dynamic pile formula(method, 1s not used extensively
mainli because those who are familliar with it are salso in a
position to use the first method which 1s more reliable.
For evaluation of the accuracy obtalinable from theory
for use in spread footing design, the results of plate tests
in éhapter VII can be uti&ized. These results show that
actual fallure occurred at approximately 16 kips per square
foot. The following results were, thus, obtained by test:
For a 1l-foot plate

It

Qgp = 8 tons
For a 2-foot plate
| Qgp = 22 tons
The théoretical analysls made in chapter V resulted
in the following predidtione:
For a l-foot plate
Qgp = 11 tons

For a 2-foot plate
Qap = Ll tons

It may be noted that the soil in actual fleld test

H

failed prior to reaching 1ts theoretical ultimate load.
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This was to be expected because, as pointed out in chapter V,
theory assumes that plate remains horizontal without tilting,
whereas, in reality, all foundations tilt to some extent
which reduces its bearing capacity. However, this 1s a
recognized fact and is taken into account in chooslng the
safety factor.

Supposing,fbr purposes of 1llustration, we take the
theoretical fallure load of 1l tons per square foot and
apply & safety factor of 2-1/2. This results in a design
allowsble load of 8800 pounds per square foot. Reference to
Figure 7T7-19 shows this to be in the elastic range of the
soll as revealed by the load test. It has, thus, been shown
that theoretical analysis, while not resulting IZn an exact
solution, does give a satisfactory approxlimate answer which
is all that can be expected.

The estimafes of pile capacity obtainable from quasi-
theoretical methods will now be compared with the results

obtained by load tests.
| A table in reference 13 gives a range of ultimate
skin friction values of 400 to 1000 pounds per square foot
of contact area for piles embedded in sandy silt, the
closest classification to silty sand given. Figure 9-1
graphlcally depicts the comparison of the results obtained
by using these empirical values with the results obtained
by load test. It should be noted that even with the use of
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the highest value from the table, the design would be ultra-
conservative. The following results are tsasken from
Figure 9-1 for a LO-foot pile.
By load test
Q = 115 tons

From empirical values

il

fg = 1000 p.s.f. Q
g = 400 p.s.f. Q

70 tons

b

3% tons

Thus, by using the load test results, the foundation
cost could be reduced approximately LO per cent over using
a fg value of 1000 pounds per square foot and approxi-
mately 70 per cent over using a fg value of L0O pounds per
square foot. As pointed out previously, these empirical
values are presented only as ald to guessing and no claim
1s made as to their accuracy; Dr. Terzaghl says in this
regard, ". . . tables serve only as a gulde for meking
preliminary estimates. Rellable information cannot be
obtained without performing loading armd pulling tesats on
full-sized plles in the field" (reference 13).

Estimating the plle capacity on the basis of
laboratory test, using fg = ¢, glves similar conservative
results, as shown on Figure 9-2. For a Lj0-foot plle, a

saving of spproximately 50 per cent could be realized by
utilizing the results of fileld tests in lieu of the
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constants determined by laboratory test. The estimated
capaclty was known to be conservative since bearing from
coheslon was considered solely. Its difference in bearing
capacities is easily explained by the soll's granular
characteristics; that 1s, increased load 1s necessary to
overcome friction between irregular greins to enable them
to roll over one another.

It has thus been establlished that lgboratory tests
and theory are a'great ald in evaluating the bearing
capacity of a spread footing but practically worthless in

estimating a pile's capaclty.



CHAPTER X

INVESTIGATION OF ACCURACY OBTAINED BY
EMPIRICAL PIIE FORMULAS

This chapter should be unnecessary since soils
theory c¢learly states that emﬁirical plle formulas are not
applicable to friction type plles. However, the author has
noted that empirical pile formulas are in wide use in this
general area; In fact, many plle concerns place great
rellsbllity on these formulas and are certaln that NACA has
erred somewhere by specifying that plles be driven to a
certain depth rather than to a certaln number of blows per
foot.

The Committee on the Bearing Value of Pile Foundations,
American ‘Soclety of Clvil Englineers, made an extensive study
of the relisbllity of dynemic plle formulas. Work by
Mr. Cummings revealed that all of the common formulas are
1lloglical since they are based on an entirely unknown, and
perhaps nonexlstent, relation between dynamic and static
plle resistance. The Committee generally concurred in the
conclusion that no dynamic formula checked sufficiently
against actual tests and expérience to deserve the officlal
approval of the Committee.

The Committee also concluded that no one formula-

gives conslstently more accurate results than another. The

86
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Engineering News Record Formula was deemed superior to the
others on the grounds that was the simplest to use.
The Engineering News Record Formula for steam

hammers 1s as follows:

R = §F 0.1
where

Qg (1b) = allowable bearing capaclty of pille

W (lb) weight of harmmer

i

H (ft) fall of hammer
S (in.) = penetration under the last blow

A comparison of the load test results in chapter VII
with the noted capacities calculated by the empirical
Engineering News Record Formula clearly shows the lrrational
behavior of such formulas., It has also been noted that
capacity of pile as calculated by the ENRF 1s to a large
extent dependent upon the size of the hammer used. On one
large project on the base, the Gas Dynamics Laboratory,
two different hammers were used. A plle driven by a Vulcan
No. 2 consistently reached an ENRF indicated capacity of -
20 tons et a depth of [0 feet while a pile driven by a
Vulcan No. 1 just as consistently could only reach an ENRF
capaclty of 10 tons. This discrepancy 1s probably due to
approximately the same energy being needed in both caées to

overcome friction and losses which results 4n a greater net
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percentage left to do work in the case of the heavier hammer.
There 1s no term in the ENRF, however, to reflect this item;
thus, by judiclous choice of a hammer, a contractor could
seemingly obtain the required capacity with a shorter pille
than would normally be required.

The ENRF has a theoretical safety factor of six but
tests In the flield have shown that &the safety factor variles
from less than 1 to more than 20 based on s0il conditions
and driving equipment.

At Langley Fleld, the safety factor, which would have
been obtained by ENRF, has been observed to vary between the
following limits: -

Lower limit: Test Plle No. 2 - Alrcraft Loads

Building (Fig. 7-2)

ultimate load by fleld test
allowable load by ENRF

Safety factor =

i

!

o
=

Higher limit: Test Pile - Water Tower Foundsation
(Fig. 7-16)

Safety factor = l%l = 13.4

Assuming that an average safety factor of sbout 8
l1s obtalned for Langley soil by ENRF, where only a safety
factor of 2.5 1s adequate, approximately three t imes the
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number of required piles would be driven if the Engineering
News Record Formula were uéed as a basis of plle capaclity;
thus, the foundatlon cost would needlessly be three times
as great.

Empirical formulas are Iincompatible with modern soils
theory in yet another way. These formulas, by specifying
the number of blows per foot as a standasrd of when to cease
driving, often cause a great varlance 1n pile length through-
out a project. It has been established that settlement 1s
linearly inversely proportional to pile length for a given
load. Thus, 1t naturally follows that the way to avoid
damageable differential settlement is to drive ali piles to
the same depth providing, of course, that borings have
revealed similar soll conditions.

Dr. Terzaghl sums up the case against pile formulas
as follows: ". . . the use of the formula on the design of
plle foundations is unsound on both economical and technical
grounds. An exception to this statement can be made only 1if
the cost of the load tests 1s greater than about one-half
of the cost of the pile foundation."



CHAPTER XI

CORRELATION OF THEORY AND TEST
RESULTS--CONSOLIDATION

It 1s recalled that theory predicted settlements of
fairly large magnitudes due to primary consolidation which
were not borne out by fileld measurements. As stated
'previously, no theoretical analysis is availaﬁie which would
enable the solls englneer to estimate secondary consoli-
datlion: it has to be observed in the field and rate of
settlement extrapolated for estlimating future settlements.
Fileld readings to date indlicate that settlement due to
secondary consolidation, although negligible insofar as
ordinary bullding structures are concerned, should be con-~
sldered in the design of wind tunnels and similar research
facilities where differential settlement of approximately
1/2 inch could be harmful. Fleld readings slso indlcate
that great care should be exercised in the design for any
foundation which 1s going to be subject to excessive
vibrations.

The computation of primary consolidation 1is based on
laboratory tests in which the attempt 1s made to duplicate
actual field boundary conditions. It should be emphasized

that unless the assumed hydraulic boundary conditions are

90
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in accordance with actual drainage conditions, the results
of a settlement computation are not even approximately
correct.

Such fileld conditions as a shallow continuous sand
stratum, which could easily be missed by the borings, é&re
sufficient to cause accelerated dralnage and make the
computations incorrect. Thus, only in a very few actual
cases, 1s it possible to mske an accurate settlement
estimate; the usual practice 1s to make conservative
assumptions such that an upper 1limlt for settlement is
obtalned and provided for 1In the design.

It is probable that the sollstengineers at both the
Haller Testing Laborsatories and the Waterways Experiment
Station made theoretical settlement computations gimilar to
computatlons made in chapter VI because, 1n both cases,
settlements of approximately the same magnitude were
estimated; field readings on these projects also failed to
record any appreciable primary consolidation;

Various soll laboratories have found 1t extremely
difficult to classify the characteristics of the grey sllty
sand as either "granular" or "cohesive." By grain size,
the soil is definitély "gramulap"; however, tests reveal
that the grains are separated by a thin film of clay and
silt ;o that, with no normal load acting, the soil exhibits

"cohesive" properties only. It is interesting to note that
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the soil study conducted by the Haller Laboratories con=
sidered the soll "granular'" while those conducted by the
University of Michigan considered the soil "cohesive."

A probable explanation of the discrepancy between
fact and theory, regarding primary consolidation, follows
from the above. It is that, in some manner, fhis film
between gralns 1s broken causlng the sahd grains to come
into contact and, thus, to resist consolidative settiement
by friction. This fllm could be broken in any manner which
woﬁld tend to compact the soll, that 1s, placement of an
external load or displacing soll by pille driving.

Some substantiating evidence 1s avallable to.
strengthen this theory. On the Landing Loads t:ack, close
measurements of heave due to plle driving were recorded;
although heave of a small magnitude was noted, it was
obvious that most of the soll was displaced laterally
reducing the voids in the surrounding soll. Thus, 1t would
seem to follow that high displacement pile would be most
satisfactory for local soll conditions. An examination of
the load tests in chapter VII reveals this to be a fact;
it 1s seen that the high displacement Raymond téper pile
tested superior to the cylindrical type. The author feels
that the high capacities obtained on plles from load tests
are sufficlent proof that the film is broken and friction

between grains becomes paramount, that 18, that the soil
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becomes primarily granular in asction. Further evidence that
80il acts as a sand 1s avallable from the time-settlement
readings of the Freon compressor foundation (Fig. 8-3).
Increased settlement was noted durlng operation of the
compressor; similar vibratory methods are often used to
compact sand while having negligible effect on cohesive
soils.

It 1is regretted that, of necessity, the soll samples
tested 1n the laboratory are taken prior to plle driving
disturbance and, therefore, do not represent actual fileld
conditions. However, it i1s believed that the discrepancy
between the theory predicted settlement and fleld readings
can best be explained by the film between grains beilng
broken rather than failure to duplicate field boundary

conditions in the laboratory.



CHAPTER XII
 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The following results have been established in thils
thesis for the grey silty-sand stratum at Langley Fleld,
Virginia,

(1) Various properties of the grey silty sand ﬁ;re
determined by laboratory test. The most important and
useful are the soll's cohesion value and its angle of
internal friction. It was détermined that their average

values are:

¢ = 0.%33% tons per square foot

g.= 2,°

(2) For the design of spread footings, theoretical
analysis glves a sufficiently accurate estimate of a
footing's ultimate bearing capacity to wérrant reliability.
Theoretical analysis estimates a plate's bearing capacity
with no surcharge as 11 tons per square foot; in a test,
the soil actually falled at 8 tons per square foot.

(3) Neither theoretical analyses nor dynamic pile
formulas gives a sufficiently accurate estimate of plle's
load-carrying capacity to warrant their use. Both methods
consistently underestimate a plle's capacity by at least

100 per cent.

ol
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(L) Field records on several projects reveal that
primary consolidstion 1s negligible despite the opposing
predictions obtained by ususal soll's theory. Settlement
readings have falled to indicate any settlement due to
primary consolldation even where theory estimates settlement
of approximately li inches.

(5) Two warning signals are noted from the field
settlement readings; these are (1) secondary consolidation
1s not negliglble when l-inch settlements are critical and
(2) foundations may settle serlously if subjected to
continual vibration.

From these results, it 1s concluded that neither
theory nor test results are sufficient alone but must be
used integrally by an engineer experienced In the assumptions
involved. The loglcal conclusion reached is to use the
theoretical analysis for spread footing design, 1oadlfest
results for pile design, and some combination of theory and
fleld results for settlement analysis. However, in each
case, a knowledge of soils is neceasary to determine or
estimate the soll constants, to interpret test results cor-
rectly, and to choose an applicable safety factor. The
items 1nf1uencing the soil engineef's declislons will be
discussed more thoroughly in the following paragraphs per-
taining to the author's recommendations for future foundation

design on Langley Field, Virginia.
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On any future projects of a large magnitude in which
the utilization of spread footings 1s planned, a small solls
investigation should suffice. This solls lnvestigstion
should contain the following items:

(1) Approximately five borings, 50 feet deep

(2) Sleve analysis of samples at 10-foot~ intervals

(3) Tri-axisl shear tests, two per hole

The borings are necessary to ascertaln the continulty
of the soll stratum. The gradatlions willl serve as checks
for the comparative data of gradastions contained in
chepter IV. From the tri-axial shear tests, the engineer
can obtain design values of cohesion (c) and the angle of
internal friction (@). It 1s thén recommended that the
designer use the theoretical analyses 1n chapter V as design
procedure. It 1s urged that the minimum safety factor
of 2.5 be applied to obtain allowable bearing capacities.

For spread footings on small projects where the cost
of even the above outlined soils investigation would be
unwarranted, 1t i1s recommended that the average values
of ¢ and @ contained in the summary be used in conjunc-
tion with the theory in chapter V for design. However, due
to the lack of a substantiating solls investigation, a
safety factor of 3 should be applied.

Since bearing capacity and the magnitude of settle-
ment both vary wilth respect to pils length, it 1s necessary



97

in specifying a plle length to ascertain its adequateness
on both counts. Another factor Influencing the allowable
bearing capacity of a pile 1s the material of the pile
itself. The following table (reference 13) recommends the

following allowable loads for various type pilles.

Type of pille Allowable load (tons)
Wood 15-25
Composite 20-30
Cast-in-place concrete 30-40
Precast reinforced concrete 30-145
Steel H-sectioﬁ 30-L5

General procedure to date at NACA when a pile
foundation 1s required is to choose on the basis of
economy between a LO-foot, 15-ton design capacity, timber
pile and a 30-foot, 30-ton design capacity, large displace-
ment tapered concrete pile. These two types and lengths of
plles have proved satisfactory in that settlement has been
negligible. Although the safety factor against fallure in
both cases 1s ultra-conservatlve, care must be exercised in
revising the pile lengths and/or allowsble capacity to
guard agalnst excessive settlement.

The author recommends, however, that a continual
attempt be made to lower the safety factor by increasing

the allowable bearing capacity and/or decreasing the pile
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length. The revisions should be tested first on bulldings
of ordinary construction where a small additional settlement
would be harmless. If settlement does not become excessive,
the revised allowable loads and/or lengths could then be
applled to the wind-tunnel foundationg. It is ree?mmended
that the followlng steps be followed:
For Concrete Tapered Plles

At present - 30 feet 30 tons capacity

Step 1 - 30 feet U0 tons capacity

Step 2 - 25 feet [0 tons capacity -

For Wood Plles

At present - [;0 feet 15 tons capacity
Step 1 - LO feet 25 tons capacit~
Step 2 - 30 feet 25 tons capacity

Based on past tests, 1t is believed that the capacity
and length stated in step 2 of each type pile will satisfy
the safety factor requirements; needless to say, this should
be checked by load tests on each project. Accurate level
readings are necessary to determine when and if it 1is
feaslble to progress from present status to step 1 and
from step 1 to step 2. To the aﬁthor, it appears quite
likely that step 2, in each casse, will prove satisfactory.

Since it seems logical to assume that the same factors
which influence primary consolidation will influence sec-

ondary consolidation, the following procedure is recommended
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for sqttlement analyses. First, make a complete settlement
analysis based on theory contained in chapter VI; in this
manner, the theoretical settlement of each footing will be
calculated and tabulated. To bring these theoretical
settlements in line with actual field results with a safety
factor of two, the second step is to arbitrarily revise the
meximum theoretical settlement to 2 inches and to prorate
all others accordingly; these settlements should be termed
"preliminary design settlements."

These preliminary design settlements should be
referred to the structural engineer involved for hils study.
If the structural engineer's study reveals that these
settlements will not plece undue stress on the structure,
these settlements could be designated "final design
settlements." If the structural englneer finds that the
differential settlement 1s excessive, the footings should
be redesigned to reduce the differential settlement, the
settlement recalculated and prorated, and a new set of
"preliminary design settlements" forwarded to the structural
englineer.

The above recommendations are based partly on theory,}
partly on test results, and partly upon experience and
common sense. It 1s believed that the incorporation of
these recommendations in future design will affect a saving
to the Government as well as resulting in sound technical

deslgn.
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